We report a method of directly synthesizing gold nanoparticles that are coated with poly(ethylene glycol) (PEG) for applications in biology and medicine. The particles are grown within the cores of micelle-like structures formed by pH-responsive branched copolymers of poly(ethylene glycol) methacrylate (PEGMA) and 2-diethylamino methacrylate (DEAMA). The process is cheap and scalable, with PEGylated gold particles prepared in two straightforward steps from commercially available monomers and salts. The formation of gold nanoparticles with mean size of 45Å is confirmed by transmission electron microscopy. Kinetic studies of nanoparticle growth by small-angle X-ray scattering (SAXS) show that the particles form slowly over a period of >17 hours. This process can be modified by exposure to high-intensity X-rays, which cause widespread rapid nucleation leading to a larger number of smaller particles.
Introduction
Recent years have seen an explosion of interest in biomedical applications of gold nanoparticles due to their ease of preparation, lack of toxicity and tunable optical properties 1, 2 . Proposed applications range from in vitro diagnostic assays 3, 4 to drug delivery 5, 6 and contrast agents for medical imaging 7 . Due to the high ionic strengths and protein concentrations encountered under physiological conditions, nanoparticles for biomedical use are typically sterically stabilized by coating with water-swollen polymer molecules. These polymers are chosen to resist protein adsorption, with the most popular choice being poly(ethylene glycol) (PEG) 8, 9 . For medical applications, PEG has the advantage of a substantial history of regulatory approval and use in vivo 10 . To facilitate particular applications, PEGylated nanoparticles can be directly functionalized with biological molecules ranging from small molecule drugs 11 to peptides 9, 12 and antibodies 13, 14 . Nanoparticles designed for biomedical applications are typically prepared via a multistep process: the nanoparticles are first synthesized using a small molecule surfactant as a capping agent, with the surface being polymer-functionalized as a subsequent step 11, 12 . In this paper, we synthesise PEGylated gold nanoparticles within the cores of micelle-like structures formed by a pH-responsive branched copolymer 15 prepared. This minimizes the need for post-synthesis manipulation of the nanoparticles, and gives a significant advantage in terms of cost and scalability.
This approach to single-step preparation of PEGylated gold nanoparticles requires micelle-like structures that combine a PEG corona with a core that both stabilizes the structure and reduces ionic forms of gold. We achieve this using copolymers that combine PEG side-chains with a branched aminecontaining backbone that is hydrophobic above its isoelectric point. This hydrophobicity drives the self-assembly of the micelle, while amine groups are known to complex and reduce gold ions 16 . The micelle-like structures formed by these branched copolymers have the advantage that the amount of polymer in the core and corona can be varied independently during the synthesis of the polymer molecules, giving the potential for dial-up control of core and corona properties 15 . This stands in contrast to block copolymer micelles previously used for nanoparticle synthesis [17] [18] [19] [20] [21] [22] , where the number of molecules in the micelle is controlled by the thermodynamics of self-assembly, meaning that significant trial and error can be required to generate a desired set of properties. The branched copolymers also have the advantage that they are prepared using a straightforward one-pot synthesis without the need for intermediate preparation of precisely controlled block copolymers. Overall, the PEGylated gold nanoparticles are generated in only two reaction steps from readily available commercial monomers and salts and with no complex purification steps. The approach could readily be extended to generate biofunctionalized nanoparticles for biosensing or therapeutic applications, by incorporation of addressable groups such as carboxylic acids into the PEGMA monomer.
In detail, we use branched copolymers, previously reported by Weaver et al. 23 that are synthesized by radical copolymerization of an amine-containing monomer, 2-diethylamino methacrylate (DEAMA), and a monomer bear-ing a pendant PEG chain, poly(ethylene glycol) methacrylate (PEGMA). A bifunctional monomer, ethylene glycol dimethacrylate (EGDMA) is included to generate a branched chain. These molecules exhibit an extended configuration at low pH, when the −N(CH 2 CH 3 ) 2 groups of the DEAMA backbone are protonated and thus hydrophilic. At high pH, above its isoelectric point, the DEAMA becomes hydrophobic and forms the core of a micelle-like structure. The corona of this structure is formed by the PEG sidechains, which remain hydrophilic across the range of pH values. A nanogel structure using a related chemistry but with a non-commercial vinylbenzyl-terminated PEG has been reported by Hayashi et al. 24 .
In this paper, we demonstrate the successful formation of PEGylated gold nanoparticles within these micelle-like branched copolymers. The nanoparticles are synthesized by loading the branched copolymers with gold (III) chloride, which is slowly reduced to metallic gold, with the amine groups of the DEAMA both complexing the gold (III) chloride ions and acting as a reducing agent. The nanoparticles are thus formed already surrounded by a stabilizing PEG layer. To shed light on the mechanisms of particle formation and growth, we have investigated the kinetics of particle formation using dynamic synchotron-based small angle X-ray scattering. This study opens the way for micelle-like branched copolymers to become an important route for high-volume synthesis of PEGylated nanoparticles for biomedical applications.
Materials and Methods

Branched copolymer-templated gold nanoparticle synthesis
The branched copolymer was prepared and characterized as described previously 23 . Briefly, the monomers DEAMA, PEGMA and EGDMA were polymerized in ethanol in the presence of the chain transfer agent 1-thioglycerol (TG), which acts to limit the molecular weight. The polymer was designed as PEGMA 5 23 . To prepare gold nanoparticles, the branched copolymer was dissolved in acidified ultrapure water (adjusted to pH 2-3, below the polymer isoelectric point of ∼ pH 7, all pH adjustments used hydrochloric acid and/or sodium hydroxide), and stirred for 1 -2 hours to ensure complete dissolution. The pH was then adjusted to the desired value for reaction, usually pH 7, and mixed with a solution of gold (III) chloride (SigmaAldrich) in ultrapure water adjusted to the same pH. A final polymer concentration of 2.0 mg/ml was used, while the concentration of gold (III) chloride was varied, keeping the molar ratio of HAuCl 4 : DEAMA < 1. The reaction mixture was stirred for 24 h at room temperature to obtain the desired gold nanoparticles.
Transmission electron microscopy (TEM)
As-prepared nanoparticle solutions were drop cast on to holey carbon TEM grids and allowed to dry in air. High-resolution TEM images were acquired on an image-corrected FEI Titan 80-300 (S)TEM operated at 80 kV.
Small angle X-ray scattering (SAXS)
Small-angle X-ray scattering (SAXS) is a gold-standard technique for in situ characterization of solution-phase nanoparticles, combining X-ray wavelengths small enough to directly probe nanoparticle size and shape with the ability to characterize aqueous solutions without drying 25 .
SAXS data were collected on the I22 beamline at the Diamond Light Source 26 . I22 is an undulator beamline delivering approximately 10 12 photons per second in a spot size of 350µm x 250 µm. For these experiments the double crystal monochromator was set to deliver 13.0 keV X-rays. Data were collected on a Pilatus 2M detector 27 . The data were normalized for transmission using the beamstop diode on I22. Fitting was carried out using the SANSView program 28 , with the built-in model SphereModel:
(1) where P(q) is the form factor, scale is a prefactor proportional to the volume fraction, V is the particle volume, q is the momentum transfer, R is the sphere radius, and ∆ρ is the difference in scattering length density between the particle and the solvent. A relative measure of the number of particles per unit volume is given by scale/R 3 . Polydispersity was modeled using the Schultz distribution 29 .
Results and Discussion
Branched copolymer-templated gold nanoparticle synthesis
Gold nanoparticles were synthesized within micelle-like branched copolymers as described in Materials and Methods. Briefly, aqueous solutions of branched copolymer and gold (III) chloride (HAuCl 4 ) were separately adjusted to pH 7, close to the isoelectric point of the polymer, and mixed. The characteristic ruby red color of gold nanoparticles developed and deepened over a period of ∼ 24 h. In contrast, there was no visible reaction within 24 hours when polymer and gold were instead mixed either well above (pH 12) or well below (pH 2 -3) the amine isoelectric point. The lack of reaction at very high pH may be due to the densely collapsed nature of the completely hydrophobic polymer backbone, meaning that few amine groups are accessible to the gold (III) chloride ions.
In contrast, at very low pH, the polymer is extended and the amine groups accessible. However, the amine-induced reduction of gold (III) chloride is not favored at this pH, since the mechanism involves an electron transfer from the amine to the gold as well as the liberation of H+, both of which become unfavorable at low pH when the amine is already protonated 16 . The success of the synthesis was confirmed by transmission electron microscopy (TEM) and ultra-violet-visible spectroscopy (UV-vis). Figure 1 shows a TEM image of gold nanoparticles prepared using this method. High-resolution images (inset) confirm the crystalline nature of the particles, whose size is in the range c. 20 -60Å. The UV-vis spectrum of the gold nanoparticle solution prepared using the branched copolymer shows a single peak at 518 nm, consistent with previous observations of gold nanoparticles 30 (Figure 2 ). TEM images also indicated the presence of an additional population of very small nanoparticles, radius 5Å or less (top part of Figure 1 ), however it is unclear whether these are an artefact formed by electron-beam driven reduction of any residual gold (III) chloride, or genuine small nanoparticles such as have been previously reported 31 . Such very small particles would have a negligible effect on the UV-vis spectrum, which would be strongly dominated by the larger particles 32 . The particle size distribution was characterized by synchrotron-based small angle X-ray scattering (SAXS). Figure 3a shows the scattered intensity as a function of momentum transfer, q, for a population of branched copolymertemplated gold nanoparticles 19.4 h after the beginning of synthesis. This scattering pattern is well-fitted by assuming a population of polydisperse spheres with mean radius 31Å. The fit uses a Schultz distribution with a high polydispersity value (σ /x mean = 0.43), indicating a broad, right-skewed distribution. This skew towards larger particles is confirmed qualitatively by a histogram of the particle size distribution for the same sample as measured by TEM ( Figure 3b) ; the TEM samples were deposited c. 1 week after the beginning of synthesis and give a larger mean radius of 45Å indicating that slow particle growth has continued after the 19.4 h time-point of the SAXS measurement. Note that any sub-5Å. particles present will not be detected by SAXS, since the scattered intensity is dominated by the larger particles. 
Kinetics of nanoparticle synthesis and the effect of Xray exposure
The kinetics of nanoparticle formation were investigated using SAXS, with repeated in situ measurements of growing particles. These results were compared with measurements of the same reaction mixture under identical conditions and at the same timepoints, but without exposure to the X-ray beam.
The in situ samples were exposed to the X-ray beam for 2 mins out of every 15 mins between 1.6 hours and 9.0 hours, giving an overall dose rate of (1.35 ± 0.14) × 10 15 photons hour −1 mm −2 during this period. This frequent irradiation was stopped after 9.0 hours; from this time to 19.4 hours, measurements were taken only infrequently so that the effect of X-ray dose in this later period is likely to be negligible. The precise cumulative dose at each measured time point is given in Supporting Information.
The comparative results are shown in Figure 4 for two different ratios of gold (III) chloride to the charged DEAMA monomer, with parameter values obtained by fitting given in Table 1 . In the absence of X-ray exposure, particles grew to c. 15 -20Å after 11.1 h, increasing to around 30Å after 19.4 h. This was true for both higher (38%) and lower (19%) HAuCl 4 : DEAMA ratios; in the latter case, the lower amount of gold available simply led to a lower number of particles. The number of particles did not measurably increase after the 11 -13 h time point, and may even have decreased in the case of the higher gold (III) chloride concentration, potentially due to either Ostwald ripening or particle coalescence. For the higher gold concentration (38% ratio), the mean size was measured by TEM as described above after 1 week reaction time and found to be 45Å, suggesting that particle growth continued even after 19.4 h. These very slow growth kinetics must be a consequence of the templating polymer. Since the DEAMA backbone is expected to strongly complex the gold (III) chloride ions, it is reasonable to expect slow ion diffusion within the polymer core. Table 1 Exposure to X-rays significantly altered the properties of the particles formed. The final population of particles at the later 18.7 h timepoint consisted of a much larger number of particles than in the non-irradiated case, but of a smaller size (17 ± 4Å as opposed to 31 ± 2Å for the 38% HAuCl 4 : DEAMA sample). This difference is interpreted as being a result of the reduction of the gold (III) chloride by the X-ray beam 33 , leading to rapid supersaturation and a corresponding greater number of nucleation events during the period of irradiation prior to 9.0 h. In the absence of X-ray exposure there is less nucleation, leading to a smaller number of particles and eventually a larger size given that the amount of 6 Extracted data from the dynamic in situ SAXS measurements of branched copolymer-templated gold nanoparticle growth: early stage kinetics with a gold (III) chloride : DEAMA ratio of 38% and exposure to X-rays from 1.6 to 9.0 h as described in the text. Plots show a) mean nanoparticle radius, b) relative volume fraction of gold, and c) relative number density as determined from the fits shown in Figure 5 . Error bars show the uncertainty in fitting. Figure 4 ) is given for reference. gold reactant available is finite. The effect of X-ray exposure thus become especially apparent at the later time point (18.7 h) when the supply of gold becomes limiting to the particle size. The idea that X-rays influence the process of nucleation rather than post-nucleation growth is confirmed by the fact that at the earlier 12.6 h time point, the particles were observed to be roughly the same size as those at a similar stage (11.1 h) formed without X-ray exposure. These effects were observed for both gold concentrations measured.
Full kinetic results including early timepoints were determined for the X-ray-exposed case (38% HAuCl 4 : DEAMA ratio, Figures 5,6 ). The overall volume of metallic gold is observed to grow steadily, reaching a plateau region around 5-6 h. Most of this increase is due to growth in the particle size, which increases rapidly over the first few hours, from 7 ± 1Å at 1.6 h to 18 +2 −1Å at 3.1 h. The number of particles in contrast drops particles drops between 1 -2 h from an initial high point, indicating either particle coalescence or an Ostwaldtype ripening process. Since coalescence is expected to be greatly inhibited by the stabilizing polymer, ripening seems more likely on this short timescale.
Conclusions
We have demonstrated the synthesis of PEGylated gold nanoparticles within a pH-responsive branched copolymer nanoreactor. This approach has substantial advantages over traditional multistep processes in terms of scalability, generating stabilized nanoparticles suitable for biomedical applications in only two simple steps from readily available monomers. Particle growth is slow, continuing over > 20 hours, attributable to the retarding influence of the stabilizing polymer. Particle growth kinetics were followed by realtime small-angle X-ray scattering (SAXS). Finally we have compared particles formed under repeated SAXS measurement with particles formed under identical conditions in the absence of X-rays. Exposure to X-rays results in smaller ultimate particle size and greater particle number due to X-ray induced reduction of the gold (III) chloride precursor.
